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	 ABSTRACTr.,
I	 N	 Finite element analyses were performed to investigate theo-
a^
W	 reticalk, the effects of in-plane and out-of-plane eccentricities,
bending or twisting, and thickness nonuntformity oil 	 axial stress
.end strain variations across the width of off-axis specimens. The
results are ccaipared with measured data and are also used to
assess the effects of these eccentricities o;i the fracture stress of
off-axis fiber composites. Guidelines for detecting and minimiz-
ing the presence of eccentricities are described.
INTRODUCTION
Off-axis tenEile data for unidirectional composites are of con-
siderable interest to the fiber composite community for several im-
portant reasons. Some of these are (1) determination of the varia-
tion of elastic properties and fracture stress (strain) as a function
of load angle (angle between fiber and load directions), (2) verifica-
tion of composite macromechanics theories for elastic properties
and for combined-stress fracture, and (3) generation of fundtuiiental
information for assessing angleplied laminate mechanical behavior.
*Aerospace and Materials Engineer, respectively, Composites
and Structures Branch, NASA.
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An extensive +nvvsltiga tion wilt; vondurtt,d to study tilt' merhalliral
behavior anti frarturt , c'hante ivrlstirs of tiff -axis fiber composites
(refs. l and 2). 5pet'inlens of NIODl F (graphitt , reniftweed epoxy)
welt' proposed and tested with load angivs varying front U to 900 with
(lit , fiber direction.	 It was found Ill that inve'st 'gai11111 Ill.it in-plalle and
Out-Of-plallr t.'c't'c'ntrivities affect the stress (st;'ain) % , .iriation avross;
tilt ,
 width of thr sprc'init'n significalitly. TlIt, effects of tllt,st, t't'rentri-
c'ities cell tit` tensile strain (tit:vss) variation and fracture of Off -aX15
filler t'oillposites aft, t'\.11lilned herei'1 using finite' e'lelllt,nt allalyse's.
Also tilt' of t'c Its of 11011ltllifOl'in spvt"nivu thit'hllvss on strain (stt*t'ss)
val'1.1timis and fractlll't's Al't' e'\allllllt'ti llsilig llllltt` vIelilt'ilt analysis.
Tilt' results obtained art, rollIpared %%ith nwasurt'd data and are
used It): (1) assl'-^h tllt' rfft't'ts of el'l's"MI'It'ltlt t, 011 Off-axis cilillposltl'
tt'llSilt' fl 'at'tlll't, 1I11tl (2) t'staltllsh guidelilics for tit' It't'lilli; .1114 1111111-
1111,1 1119 t,t'e'entricities during testing.
1N-MaXNE I;1':ND1N('. EFFECTS
Off-axis: tensilt , specitllt'ns will telid to Under-go in-plant' bvilkillig.
This is c.111st,d hv tilt , coupling bctltt't'1l lim-111a1 and slival . dt,fm-Ilia-
tiolls: this c'ouplillg Will tt,nd to dt'fot'u1 tilt' spec'lnlc'n in shear.	 iltm
ever. tilt' trips prc %'c lit tilt' specinit,n Inds from sht,.lrilig, tht'reby in-
d11c'int in-plant' building. This in-plant' bt,ndint indlict's axial strvss
and -' Ir.mi var.alions act'oss the spi't'illlrn width. "1'ht,st , va1,i.0imis
art, dc'tt , rillilled theort'tically herein using finit y - elvinviit analysis.
i'hr f mitt' t'lt'llIvIll nsvd ill tilt, analysis is a st'e'Ond• ordt't• trialigil -
lar plats' finitt , vIrllit'Ilt with six nodes and two displ.wenient dt,trvvs
i
r	 l
i
3
k	 11'l ` I't14	 llt' t it, Ow I1111tt'	 t`It'1111`11t	 1't'11l't`ht'Ilt.itit'll
I	 ho\111 tit (11,111'(' 1.	 111t' tlllllt'IV;loll:• li::t`tl tit lilt' .111.11\'` • l>• 1\ 4'rt' Illosw
o( Itit` .It'111.11 It" l ti1 1 t`t'l III t 'IL• •	 Tllo`lo :•lio\1 it Ill (ht' : t 11t`111.111	 .11't' till'
( lit` lito of t	 .1 \IS 14''1 :•1 1('1'1111 ('ll.	 N ot t' 1 11.11 I h(' 1 11111 t'	 1'14'111 ('111	 t't'l+rt'
:•1'111.11 loll flit' llidt`: , Illt , I t1 1 c'rod t'iltl 1.11 + port loll?, 111'01t't - 1 III:; I 1 4'\ olltl Illt-
l;rll+ t'll&l	 \t11t' .11:•1 1 111.11 lllt , 1111111'	 4'1011t'lll	 1'4'1)l'(':•4'il^.11l I ll t'oll"ISIS
tit . 1 " ; : ,  1'lt'i11t`ill	 0:1 	 11t41t`. ,
	
and 13 11 111' 1 ;t'i't ` .	 oI 11'1 ` 1 ` 111 :11
1''Inllt` t`lt'llivill .111.1 I t, ­ I . r1':allls for Ills' .1\1.11 strt': • :	 \:It'1.11It'll.
I10.11' flit` (`fill 1.111 knodt' 1111t' ;,i (o z, I.	 (1:',	 I 1 .1rt` 1,11111111 .11 , .'1`111,1.11111
It .111\' Ill I ls;llt'4'	 1' It , :•t' ::I l't`:,:	 \ ,il'I.II l I II ti \1 t'i't' tit 'It`I'lllln('1, ttNitll;
Iht' It'.It'lllrt' It ill its 4 )1 IIt' 1 :11t't'ltllow . .11111 Iht` I .l: IIt , t' 1 1 I:'l.11tl: , :•11111
111.11'1. t'tl 	 lit	 I.11 1 1t'	 I	 A ,	 1'.111 I+t'	 :•t'i'll	 111	 '4'	 :'.	 1111`	 IIIt , St	 : 1:'. Ill fI '.1111
1\I.11 :•tI'0S." \.Irt.t(lt I ll I	 It 1 I	 1114'	 11 111 t`Il	 l\1`	 111t'1'llllt't1 tt lilt .1 111:1\1
llllllil tlll^t'rt `nt't' 111	 It; (+'` It t'1 \	 1'111 ', !,:' 1 k.,.0 from 1'11:;1` (o ('tl:'4'
^-Ih	 11 t ^ to ,iit\ L0	 N 4'tit	 k t;	 t	 : 1111111011.11 tlI St' 11	 1011 v 4
(111:• \.IvI.Il1 1 11 1'	 :;1\'1`11	 111	 r	 lt'I't'lit't' . t	 1'ht'	 lit'\l	 1111 1 :•(	 r l',11t111'.Illl
t1
l\1.11 :•lr 	 \.11'1.0101 1S I h A I h r Iht' 1:1	 1 111 .l\l: :•I +t't'llllt`n a llll ,l
^	 •1
111.1\111111111 tit llt V011t'1' of !..^	 II I'	 till	 1, 1.; 1,' 0 tl'olll t'tI .-.	 Io 1'11:'1'
.1
i;'t 	 11 1'1 (o I t \ 1U^	 ^	 t'lll^ 1,:^:^ to .^:+ k:.l^ t 	1'h1' .1\1.11 :•l l't`ti:^ \ .lt'I.tlltlil
I t 1 l' flit'	 1 , 1'111.1111111:',	 : : 1 1 t`t' ► tltt`n:	 1^	 1'1'1.11 l\ t'1\	 illIIll .11111 111.1\' l i t ` t'ollNlllt't't'tl
1s lll:• I:;IIIIIc III	 11 Ill I1: ; 11l't'	 1:" flit`	 rt':
0	 1	 0
	I t't`IItl 1 rt'tI1	 :1	 lilt't't'.l: lit ',	 It`ll	 lt 1 	 '1:;111	 Io	 11 1 	`lIt`t'1't'.l:•111:',)
I ht' I1111 + orl.11ll	 01 +:•4'I'\''It it`I+. 11'1 1 111 ' 1 l:	 I 1 1*4'1' I'd Ill,' , kit St , 11: ; h1t`l1 1:• (il :li
t i ll	 1\1 + lon	 IIt'	 .•I1t`t'll'..t'll:	 111 \\	 Ill; 11 .l\1.11	 .•tl't . .•t .	 ll	 flit` t'tl:;t'.	 111'.11'
tht' ,;t'Il
	
111 tilt' . 1`	 lt l 1:1 41 I.1,tt1 .In:;lt' r.lti:',t' .Intl,	 voll^1'1 nclill\',	 Ir.lt'lllrt'l
a^
.
11
.l
^h^tuld lnili;lte tll tht^ t'et;lon.
C ol'1 . 4'spollding restilts for the :axial stres s variation ;li r e Shown
111 Iit.,.0 re 3.	 Hero, :It;mn, lilt , signit ► t • :111( axial s1r.lill vari;llloll :It'rOss
I hl , Spel'illit 'II I,% ids 11 tN tol' 1111' lil t ' ;hill 15 5 off -axis tillel'illlt,lls. 	 Thest,
I
1•eN111ts illustratt' Ills` 111111tH-tallet , of placing Ntra111 g.up , its elotie to
I lie edge as 110-o' ibit , near t hr t,tld-lab region.
Finitt, -t , (t • Illt'llt results for the axial stress variation at tilt,
.+1lerinten nlidletll,ih (c en 	 art , shown in til;urt, 4	 Only(he 1(1 ` ' off-
axis Sllt , rilllt'll Shows a significant variation (about 9\10 3 N/c•lll
(13 ksi)) from edt t-to-edov (39\10 `3 N/t'm 2 to 30\1(1 3 N%c'Ilt 2 (56 to
43 ksi)). Correnlunldinl- results for axial strain are shown ill fig-
ure 5. As c;ln be set,n u1 this fil;ul • e, only tilt , 10 11 :Intl 15 o off-axis
Sllet • t ► nt , n-, show sil;n ► fic.lnt variations fl'oll ► t•dl;e-to-edge.
Tilt, i ► 1111ort;lnt ol)- ' t,rvalion hurt , is HIM In-111mic bendilig product's
significant axial stross variation ;11 nlidlt,no;th only in tilt , 10 11 off-
axis specilliell.	 Tllc -, ignific slice 111 tills obsel - vatioll is that tilt P/A
(1' 1-.1cturr load%t'ross- section-a n11) stress i s a 1'el'V ;ood allllroxillla-
title to tilt , :actual axial Strt , ^-h at tilt , celltt , r of the oft -axis NllrriIllClIS.
And, ill addition. the fracture -,trc , ss determined from 1' A would
Probably be on the t • ollsorv.itive side. It is in ► l ► orlant to keels In mind
that these collilliclit;: apply to ~1lecim 	 with the gage lell'All-to-
width ratios tested herein. \rhich \tt • rt , 1 .1 01• greater.
Comparison of III1 ► tt — elt,n ► ert 11i • t,dictod axi .ii strains will) mea•-
I	 Lured data nt;lr the -'1lecinit,n ('nd till) ;11 frat,tur0 load :Ire ShOW11 in
Iw-ure 6. Correspond	 at the ^Ipvcin ► erl Illidlength are shown
[F '.
c
Ill figure i.	 As fall ht' ht't'll fl't b lll I h q '^- t' llt;lll'l`ti, lilt , 1:;1't`t`llll 'lll Ir•
rl`asollabiv 1;1111(1 for tilt` thret` SItt`t'1111t`tls 11t`.lr till` 1`1111 1;11 1 .11111 tilt' I+Ut'
til ► t't'llllt ' ll .11	 10%%t`VcI'	 till` . 11;1't't'lllt`nt for tilt' lil t' .11111 31111
slll`l' itnt ` lls at Illitllvilgth is rt`lath't`IN' pool .	"1'111' i lr• t tht ' tt'tt rt ':•ultti
.lrt' about 10 tt' 20 Ilt`rt't'nt hit-oler thall tilt' lut`asured data at tilt' 10ft
rtll;t` :11113 rt`ntel and :Ir y Icss 111.111 10 I ► t'rt't'nt at the rit'lu t'tll,r.
`t l llll` factors that llla)' ha\'t` t't b llll'1hUtt 'll 10 this Ihltbl' al;rt`t`Illt`Ill
110N `t`n 1 ► rrclic'tt ` ti .Intl nitatiul • t`t1 11'.1t'Iurl` sti-Mils at tuitilvill;th of
tilt` 111 `1 and ;il l" 1 tli f -ams . 11t`t'i111t`w- .11-t,
(l) Inability to slluulatt` tualllt • nl.lt1, Aly ex.It'tly tilt` I ► hysit.11
holliltlan• conditions
(2) Nonllllt`ar Ill:lterial ht`I I,Vlt l l' 131',1' 11',1t'11li't'
1,:3) Out - of - Illallt' t`t l't`nt ► is 3111': . 	ht'lldllw, M'd t t l' ta•islinl:
(•l) Variation ill 	 ecinlrn thickili `ss
Item W -was	 titildled via srnsili\'ltr	 in rrf-
t`l't`IICt` 3 and found to havea ll t'itt`ct of les'. ill.	 5 1lt`1't't`I11.	 11t`Ill (-)
is Ilt lt hl'llt '\ t`ll I  I1 a\ t' .1111' tilt`llll It alll 1' 1 1 111 l'lhtlllt i ll ht't'alL t' tilt` tit less
St 1 1 .1111 rur\t's (fit	 t" .Intl ti, from ret , 	1. Part 1 1 .11-t , 1111var it, frar-
Illrt'	 11cill.- 13 ) mid ('ll \\ on , In\O.S tIg;llt't1 ht'rt'ill anti.1rt' dt'r,t't'ihvd
ill tilt` noxf section. halt` that Item 0) was also thscusse d ill rel " r-
('llt't` 4.
OUT-O!'-PLANE BENDING AM) TWIS'l'IN(i 1 •,I''F 1•.l"I'S
Tht' t'ffects of out - tit -plant , ht'ntim!, .lnti l\\!titill;; t i ll :imai till',llll
\\t'rt• CV.1luatt`d ft ► r tilt` 10 1 ' : ► nti :30 11 tiff-axis sllt'cllnt`nti using 1\ASTRA\
i
(NASA Structura l A nalysis I' • illllt' I"It`illt'ill Coilll b lltt ` l' 11rog"ralll,
i
b
'
1.
ref al. The NASTHAN ills del tit tilt` spt- chit 11 1s slit ►\\ I Ill figurt` h.
'flit` NASTHAN Illixit`I consl ,,lt'tf ill ' 657 Modes ' 197 1  lit`grvvs of f rt`t'-
doill' and 5 -16 (111.1drilatt`ral 111att` ht'nliln t ; t'it' ► llc`111s	 whit h lilt lulled
tilt` tal?t`rt'tl 11 ti rtlt'11 tit the romftlrt in o and fal ls 	 N ote th-it flit , Iillllt-
l'It'llivilt 1-vi ► t't`scnt.111till Int • Itltit's two groups % It t'It'mt'ntr , 	At l'at'h l'ntl
lilt , t'it'incili1N :11't' 0 159 l't`1111111t'tcr 0 062.5 111. 1 loll" , 	tllt'st` 1't'111'l`til'lll
tilt` 1.11101'eti llurfloll lit tilt' rellift ► rt'lnt; f.11 ► , anti flit` first tluarlrr 11101
t`Rtllt'lll t i t' tilt' lt'st st't 110I1	 %%hick Is lilt` tittt' tit lilt' It'll stl'.III1 gap's
The I't'ill.1111111:; t`lt'lllt'llts il l tilt	 11 t' O	 :3113 t'entiillt'lt'rs
(0. 125 ill. 1 It illt;.All f`if`nit`hl y for this il.0del arl' 0 159 ( 'l'illllllt'lt`r^
ll 0625 111. I \\'tit'	 Tht' t'It'lllt'llt ::17.t` 11 Iti ill,ltit	 5111,111 t`111 1 11t;11 11) tiilltl\'
tilt' r.unt's wilcrt' tilt` straill gages a't`r y lot atrtl tin flit' ac tual slit illit'n.
The nl.11 i'r 1.1 l lirtillt`rt lt'ti rt`tlul rcti flit , NA:;'I'1tAlt ',t t'r y gt`nt r.lf t't1 from
tilt, t`I.Islit• t • onstan(s in ta111t' I.	 The load till' 11t 'th lilt` out	 t-111,Int•
ht' iltllil:; .Intl IN'Still!', Iltt t lllt'Ilts	 ;3 Ilc	 olt Illt':t'rs 1 . 100 111	 -lb)
'fill' \'.flat' t I t' 11 :3 Ilowiutt - 111vtt'r`+ (100 in -1111 was selt`t it't1 ill.11lll\' for
R	 t't'11\' Oil lt`Ilt't' 	 it t'01'I'l'silt i ilds rollo hl \' to .111 t't't't lltl'ltlty 4 1 1 .1 I,iIlllil,llt'
1111t'iUlt`tis
	
lilt` t`tlt'l'Iti t ► i ^Ill,lllt`I' t't t t'llli'It itll'ti .11't' I't'atilk . obtained
1 \' tlll't't l PI't t 11t11 ' tion SHICt' .1 1111t'.11	 sis 1\' ' is pt`rforilll`tl
NAS l'llAN unkiefornit`ti and delt-rillt'ti 111ttts fitl y
 it) t ►ut-tit-''Lint'
1101tilil:; il1t1111t`Illr , .11'l' Shown 111 Itt;lli't` 9 for Ills' 111 t. tiff - axis S11t`t lillt'I1
and in i'lz;ut t` 111 ftir tilt' :;ll ` ' ult -axis silvi. imell	 all lit' Seen 111
'	 Hio-,t' plot.--; ill y deformation ftil - ioth l i cit illlo and tll'istl1w. art , l't'll-
`	 ^ltlt'r.lhlt'
The axi ' ll Strain \'. *ialioll tills' I t ) 11t'Iltililt ,  111ollil'llls al'ross , ills'
ISprt'Inl('n witil h 1lredirtt'ti urine; NASTRAN is shown ill figure l l k::ulid
lint's for Iht' lil t ' anti intt'rruptcd lines for tilt' 30 t) off-axis specimens).
( corresponding 1 • t'sults for axial strain variation at 1111(ile lgth art'
shown ill figurt' 12
	
The vill-ves 111 thust' fip;l rvs tillow that tilt' axial
straill lariatioll van lit' Significant l'e'af Ills' grips for both beliding alld
1wislint; and at inittlt'lli th for Iwildine;.	 1'11is ll'tiuld tt'lld to v\plair tilt'
difft'rvilevs hetlreoll predicted and llivasurt'd data shown in figure:~ 6
and 7 and discussed 11rov it'll sIV.
1'hus we see that 011t-uf-111.Inr t't't'clitricities .ml cuuti'ililltt' Sig-
1lifit'alllI\. it) the axial strains.	 "The'1't'ft'l't`• t':1l't` :~h(iultl l i t' 1.1k o n to kt`ep
tit'ill t 	 ;ill :llitit'llltt` Iiii111111U1ii flirt i t; testing of tiff-axis ;tweililt'lls.
'1 HICKNh;SS \ ARIATION I;hI''ECTS
The effects of spovinivii thickness variation tin tilt' axial strain
ll ('re im't'stiglited wine;' NAB"I'tZAN and at'tual n1t'asur'('d thicknt'ss
.iriations lit tilt` sliveinie n (0. 15 to U. 1 .1 ''111 (0. 059 to 0. 055 ill.
Tht' fillite-clt incilt Mo't'el used is shown ill 	 t; and has already
bt`erl t1t'scribed.	 'I'll( , results ohfi liiwd foil • tilt` 5' 1 off-axis spel'init'n
:11't` t'011111,11't'tl 11'1111 lht':t' lt't' tlllllt'1'lil lhlt'lclless 111 ''k'il't` 13.	 As tail
lit' ObSt'l - Vt'd tro'l'l tilt' t'lll'VOS Ill 11116 1111 ti t' Ills` 11lick111'SS 1'al'I:Itlt'il t't-
l('t • ts ark , llt'ght,.iblc.
G11DELINES l`OINZ Itl?' E.CTING AND
AIINIAIIZINU F l'l'I':NTIOCI"1 IES
Tilt' following "llidelint's play li t' Helpful ill i list 1- 11111clltilig speci-
111clis to detect tilt` prt'st'llct' of ollt-t i l-plalll` t't'centricitit's dill'ing
t e st ing:
A
a(1) For out-of-plane hviiding, place strain gages back-to-back at
the specimen edge (fig 14)
(2) For out-of-plane I w ist i ng, place strain gages at bath edges on
the sanie surface of the specimen near the end tab (fig. 14).
(3) If, during testing, the differences in the readings from the
pair of strain gages in (1) or (2) or both become excessively high
(say, more than 15 perceiil), then stop the test and realine the speci-
men to minimize the out-of-plane eccentricities. The strains already
recorded caul he used to guide the direction of the realinement.
SUMMARY OF RESULTS AND CONCLUSIONS
The major results and conclusions of this investigation are:
1. The second-order triangular finite-element predicted results
showed that iii-plane bending has considerable influence onthe axial
strain variation across the width of the specimen. This influence is
most significant in the 50 to 30 0 load-angle range. The predicted
!:
	 fracture strain variation was off by about 20 percent from (lie meas-
ured data.
2. NASTRAN predicted results showed that thickness variations
in the specimen (0. 14 to 0. 15 cm (0. 055 to 0. 059 in. )) have negligible
effect on the axial strain variation across the specimen width.
3. NASTRAN predicted results showed that out-of-plane banding
and twisting eccentricities have significant effects on the axial strain I
variation across the width for specimens in the 100 to 30 o load-ankle
range.
4. Care should be taken to niiiiiinize eccentricities that will in-
duce out-of-plane bending and twisting since these eccentricities
(
ti
4)
have Sil;ilifil':1111 t'fft't't till tilt` :t\I.11 sIraill.
5. 1. 1':tt'iure NIress t ► f	 It, IisiIt, tiht't'lll It' IIS doter In ill t'tl by
load to arl'a rata ► should l i t , t ► I1 (lit' C011 1-t'r\'atl\'t' ,illy
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TABLE 1. - PREDICTED COMPOSITE: F: I.ASTIC CONSTANTS - STRUCTI"tAL, AXES FOIL MOI) 1 F
[Used in finite-element analyses.
Sixcimen Load Composite elastic constants
-ankle,
deg Moduli Poisson'.) Coupling
ratio, coefficients
Ecxx	 Fc v
	
FcKy
N cm 2	psi
	
N,'cm2
	 pal
	
N cm 2
	psi
CXY
cxs / c y N
A-0 0 21.0> 10 6 30, 4x 106 0.73> 10 6 1.06> 106 0.515>, 106 0. 747. 10d 0.260 0 0
A-5 I	 5 16. 3 23. 6 - 73 1. Ofi .519 .753 . 263 2. 56 .053
A-10 10 9.79 14.2 V 1.08 .531 .770 .265 3.00 .109
A-15 15 5.97 8.66 -77 1.11 .550 .798 .261 2.62 .170
A-30 30 2,	 12 3.07 .88 1.28 .638 .926 .225 1.44 .410
A-45 45 1.20 1.74 1.20 1.74 .696 1.01 .165 .793 .793
A-60 60 .88 1.28 2. 12 3.07 .638 .926 .094 .410 1- 44
A-75 75 .77 1.	 11 5.97 8. fill .550 .798 .033 170 2. tit
A-90 90 .73 1.06 21.0 30.4 .515 .747 .009 0 0
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